Abstract. The effect of single-wall carbon nanotubes nanolayer on photoelectric properties of Au/n-GaAs photovoltaic structure with a microrelief interface has been investigated. Microrelief interfaces of dendrite-like and quasi-grating type aimed at enhancement of photocurrent have been prepared by the wet chemical anisotropic etching of GaAs. Carbon nanotubes obtained using the arc-discharge method were deposited on GaAs surface modified with poly(vinylpyridine) by dip-coating repeated several times. Optical, photoelectric and electrical properties of Au/GaAs structures have been studied in dependence on the averaged thickness of nanotubes nanolayer. Considerable photocurrent enhancement has been determined for structures with both the flat and textured interface but with a different optimal thickness of nanotubes layer. The effect was concluded to be caused by increasing the lateral photocurrent component due to enlargement of the current collection area and increase of the light trapping.
Introduction
Carbon-based nanomaterials, fullerenes and nanotubes, have attracted great research interest for the use in optoelectronics and photovoltaics due to their unique electronic properties [1, 2] . Enhancement of the shortcircuit photocurrent and photoconversion efficiency was found for the metal/n-Si barrier structures with C 60 fullerene intermediate layer [3] . Single-wall carbon nanotubes (SWCNTs) have been proposed for enhancement of the efficiency of organic solar cells [4] as well as for the inorganic ones, specifically for Au/Si photovoltaic structures [5] . In these structures, CNTs act as transparent electrodes replacing In 2 O 3 :Sn (ITO) or semitransparent metal layers, and promoting an increase of the collection area for current carriers photogenerated in semiconductor. At the same time, the optical and conduction properties of the network layers made of SWCNTs were shown to depend both on technology of CNT layer formation and deposition on the substrate as well as on the structure and adhesion properties of substrate [1, 2, [5] [6] [7] [8] . So, the elaborated by us method of SWCNT nanolayer deposition on the Si surface modified with poly(vinylpyridine) (PVP) for Au/n-Si photovoltaic structures [5] should be verified in the case of other structures. This work is aimed at the study of optical and photoelectric properties of Schottky barrier type Au/n-GaAs heterostructures with SWCNTs on the flat and microrelief interface to determine the possibility of additional enhancement of photocurrent for structures with microtextured interfaces.
Experimental details
n-type (100) GaAs wafers with the doping impurity concentration close to 10 16 cm -3 were used. GaAs surface microreliefs of quasi-grating and dendrite types were prepared using the wet chemical anisotropic etching [9] . Highly purified SWCNTs were produced using the arc-discharge method. Well-sonicated in an ultrasonic bath SWCNT-dimethylformamide (DMF) mixture was used to deposit SWCNTs onto GaAs and satellite glass substrates modified with poly(vinylpyridine) (PVP)-ethanol solution in accord with the method [10] . SWCNTs were deposited using dip-coating and drying in air repeated several times. The photovoltaic structures were fabricated by evaporation of semitransparent Au layer (with the thickness 30 nm) through the opaque mask with various diameters of openings (0.8 and 1.3 mm) on GaAs surfaces with and without SWNCTs. The In ohmic contacts were fabricated on the back side of GaAs wafers.
Optical, photoelectric and electrical properties of Au/n-GaAs structures have been studied. The shortcircuit photocurrent was measured within the 0.4…0.9 µm spectral range. Light (under simulated AMO illumination) and dark current-voltage characteristics were measured.
Results and discussion
Fig. 1 demonstrates the obtained with scanning electron microscopy (SEM) images of SWCNTs deposited on the flat semiconductor surface modified with PVP. It is seen that SWCNTs, or their bundles, have the length 1 m (Fig. 1a) and form the network on the surface of PVP layer (Fig. 1b) . It should be noted that surface morphology of PVP layer has a granular or globular form, which affects SWCNT network formation. The optical microscopy images of SWCNT/PVP/GaAs structures with the flat and textured interfaces are shown in Fig. 2 . It is seen that SWCNT layers are not uniform on both the flat and textured PVP/GaAs surfaces. The SWCNT network forms separate spots of increased density having different shapes and sizes. Both the number of spots and their sizes increase with increasing the dip-coating times. It is accompanied by a decrease of the light transmittance into semiconductor both through the semitransparent Au electrode and through the neighboring PVP/GaAs interface. At the same time, these conducting spots forming the ohmic contact with Au electrode increase the area of lateral photocurrent collection. So, for total photocurrent enhancement the regime of the SWCNT deposition on semiconductor surface should be optimized. The light transmittance spectrum averaged over the SWCNT layer deposited on the glass substrate modified with PVP is shown in Fig. 3a . The analysis of the corresponding light absorption (optical density) spectrum after subtraction of the background absorption (Fig. 3b ) permits one to evaluate the distribution of SWCNT diameters by comparing the obtained energy values of absorption peaks with those from the Kataura plots [6] . Two series of absorption peaks can be identified as corresponding to electronic transition between mirror-image spikes in the density of states in semiconducting tubes (for the first and second energy gaps) and metallic ones with almost the same diameters: S 11 , S 22 , M 11 and S 11 , S 22 , M 11 . Estimated SWCNT diameters are grouped around 0.84 and 1.1 nm for both semiconducting and metallic tubes.
The spectra of the short-circuit photocurrent expressed as the external quantum efficiency normalized to the area of diode (1.33 mm 2 ) are shown in Fig. 4 for Au/GaAs (1), Au/SWCNT/PVP/GaAs (2) and Au/PVP/GaAs (3) structures with flat (a), dendrite-like (b) and quasi-grating (c) types of the surface microrelief. The photocurrent values for diodes of this area are mainly caused by the current carriers generated in GaAs under the semitransparent Au electrode. It is seen that PVP layer decreases essentially the photocurrent value, acting as isolating interlayer and weakening also the effect of SWCNTs. However, deposition of SWCNTs still increases the photocurrent, mainly in the long-wave region both for structures with flat interfaces and for microtextured ones. This effect is mainly caused by increasing the lateral component of photocurrent due to enlargement of the collection area of current carriers generated outside the edges of Au electrode. So, it must be greater for diode structures of smaller area that is seen in Fig. 5 (with the diode area close to 0.5 mm 2 ). This figure demonstrates also the dependence of the photocurrent value and spectral response on the averaged thickness of SWCNT layer changed by the number of dipping times. It is seen that these dependences are different for structures with flat and textured interfaces. Specifically, a greater effect of photocurrent enhancement was obtained for structures with flat interfaces at 8-fold repeating SWCNT layer deposition but for the structures with interface microrelief of quasi-grating type at 16-fold repetition. The same peculiarities of the SWCNT layer effect are observed for the light current-voltage characteristics presented in Fig. 6 . So, the optimal thickness of SWCNT layer for maximal enhancement of the photocurrent should be chosen for the investigated structures with taking into account the character of their interface microrelief. Fig. 7 . a) Spectra of the short-circuit photocurrent enhancement due to microtextured interface in Au/GaAs barrier structures: of dendrite (1) and quasi-grating (2) types. b) Spectra of the short-circuit photocurrent enhancement due to introduction of SWCNTs layer by dip coating repeated 8 times (1, 3) and 16 times (2, 4) for the structures with flat surface (1, 2) and surface microrelief of quasi-grating type (3, 4) . c) Spectra of the short-circuit photocurrent enhancement due to the total effect of the surface microtexturing (of quasi-grating type) and introduction of SWCNTs by dip coating repeated 8 times (1) and 16 times (2).
The total enhancement effect of microtexturing the interface and deposition of SWCNT layer on the photocurrent of Au/GaAs photovoltaic structures may be evaluated from the dependences shown in Fig. 7 . It is seen that SWCNT layer permits to considerably increase the photocurrent enhancement caused by surface texturing at an optimal choice of its thickness.
Conclusions
The enhancement of the photocurrent, especially in the long-wave range, has been found for Au/n-GaAs barrier structures both with flat and microtextured surfaces due Semiconductor Physics, Quantum Electronics & Optoelectronics, 2015. V. 18, N 1. P. 31-35. doi: 10.15407/ spqeo18.01.031
to introduced SWCNT layers. Its mechanism has been analyzed with taking into account optical and electrical characteristics of the structures. The greatest effect of photocurrent enhancement has been observed for structures with SWСNTs deposited on flat substrates. At the same time, introduction of SWCNT/PVP layer with the optimized thickness was shown to considerably enhance the effect of the photocurrent increase caused by GaAs surface microtexturing. The effect of the additional photocurrent enhancement is mainly caused by increasing its lateral component due to enlargement of the current collection area and possible increase of the light transmittance into semiconductor, owing to scattering by nanotubes (light trapping) dependent on SWСNT nanolayer thickness and homogeneity.
